Summary.
Major nerve trunks that supply abdominal viscera contain axons of postganglionic neurons that originate in the coeliac ganglion, superior mesenteric ganglion, inferior mesenteric ganglia, hypogastric nerve ganglia and the sympathetic chain ganglia. Using the retrogradely transported neuronal marker Fast Blue, we mapped the distribution of labelled nerve cells after application of the dye to either the superior coeliac nerves, inferior coeliac nerves, superior mesenteric nerve, colonic nerves or hypogastric nerves. Distinctive patterns of nerve cell locations were associated with each nerve trunk. Within the coeliac ganglion, nerve cells that projected into the superior coeliac nerves were almost exclusively lateral, whilst neurons in the medial part of the coeliac ganglion and in the rostral pole of the superior mesenteric ganglion tended to project into the inferior coeliac nerves.
Nerve cells located around the emerging superior mesenteric nerve in the superior mesenteric ganglion contributed the majority of axons to that nerve. Cells in both poles of the inferior mesenteric ganglia contributed the majority of postganglionic axons to the colonic nerves, but some cells in the caudal pole of the superior mesenteric ganglion also projected into the colonic nerves.
Postganglionic axons in the hypogastric nerves originated from cells predominantly located in the caudal pole of the inferior mesenteric ganglion; however, cells in the rostral pole of the inferior mesenteric ganglia, the superior mesenteric, coeliac and hypogastric nerve ganglia also contributed some axons. Nerve cells of sympathetic chain ganglia projected into each of the nerve trunks; they were distributed rostro-caudally according to the nerve injected. The more rostrally located coeliac nerves contained axons mainly from the lower thoracic and upper lumbar ganglia, whilst the more caudal colonic and hypogastric nerves contained axons from the mid-lumbar ganglia. Thus a widespread distribution of sympathetic neurons projects into each of the major abdominal nerve trunks, with the ganglion from which the nerve emerges being the greatest contributor, and the region around the emerging nerve comprising the preferred location within the ganglion.
Some degree of organotopic (organ related) organization can be detected within sympathetic ganglia (BOWERS and ZIGMOND, 1979; BOWERS et al., 1984; TRUDRUNG et al., 1994) . Nerve cells located near the origin of a nerve trunk are more likely to receive synaptic input, or to be antidromically activated, by stimulation of that nerve trunk, than are cells located further away (PURVES, 1975; KREULEN and SZURSZEWSKI, 1979) . Application of retrograde tracers to individual nerve trunks attached to the superior cervical ganglion (SCG) (BOWERS and ZIGMOND, 1979) or inferior mesenteric ganglia (DALSGAARD and ELFVIN, 1982; PARR et al., 1993) reveal that the majority of labelled neurons are located in these ganglia, and in the SCG they are preferentially located in the region of the ganglion closest to the emerging nerve. Injection of retrograde tracers into individual organs may also result in a clustered arrangement of labelled postganglionic neurons. For example, SCG neurons that innervate the eye tend to be located rostrally (ARVIDSON, 1979; LICHTMAN et al., 1979) whereas neurons that innervate the salivary glands tend to be located caudally (IVERSON et al., 1975; LICHTMAN et al., 1979 , 1980) . The pineal gland is innervated by postganglionic neurons that tend to be located in the rostral pole of the SCG (BOWERS et al., 1984) . Another well-documented example of topographic organization is provided by the rat pelvic ganglion, in which nerve cells supplying the urogenital organs have well defined locations (DAIL et al., 1983 (DAIL et al., , 1985 KEAST et al., 1989; KEAST, 1992) .
It is only recently that the topographies of projections from prevertebral ganglia to individual abdominal organs have been established. TRUDRUNG et al. (1994) , used retrograde neuronal tracing to examine projections to 6 target organs and to find, for example, that nerve cells projecting to the stomach were located laterally in the coeliac ganglion, whereas those projecting to the proximal colon were medial. This study suggested that the cell bodies lay close to the emergent nerve trunk, as has been found in other systems (BOWERS and ZIGMOND, 1979; KEAST et al., 1989) . However, previous studies of the projections of nerve cells into the nerve trunks connecting with prevertebral ganglia have made little mention of internal ganglion topographies, and none provides a comprehensive study in one species (DALSGAARD and ELFVIN, 1982; MCLACHLAN, 1985; HILL et al., 1987; BARON and JANIG, 1991; CHEVANDRA and WEAVER, 1992; PARR et al., 1993) . A consistent observation, however, is that a minority of axons traverse other ganglia to reach their targets. In the present work, we have mapped the distributions of post ganglionic sympathetic nerve cells that project into each of the major nerves that lead from prevertebral ganglia to abdominal viscera.
MATERIALS AND METHODS
Guinea-pigs of either sex, weighing 180-250g, were deprived of food for 18h prior to surgery. The animals were anaesthetised with a subcutaneous injection of sodium pentobarbitone, 15mg/kg, and an intramuscular injection of a mixture of fentanyl, 0.1 mg/kg, and droperidol, 5mg/kg. Each animal was opened by a midline abdominal incision, and the bowel was exteriorised to reveal the prevertebral ganglia. In different animals, the superior mesenteric (2 animals), colonic (2 animals) or hypogastric nerves (2 animals) were severed and the cut ends attached to prevertebral, or pelvic, ganglia dipped in a small (2-5 pl) bath of Fast Blue (4%; Sigma, St Louis, Mo., USA) for 15 min. In other animals, the superior (2 animals) and inferior (2 animals) coeliac nerves were injected with 2-3 al Fast Blue using a bevelled glass microelectrode attached to a glass microsyringe (SGE, Melbourne, Australia). At the completion of the surgical procedures the peritoneum and the abdominal muscles were sewn together and the skin was stapled. Each animal received a 0.1ml intramuscular injection of a broad spectrum antibiotic, Terramycin (50mg/ml; Pfizer, West Ryde, Australia). When tissue was to be taken, 6-10 days later, the animals were stunned by a blow to the head and bled out via the carotid arteries.
The coeliac, superior and inferior mesenteric, and thoracic and lumbar sympathetic chain ganglia were removed as quickly as possible and placed in fixative (2% formaldehyde and 0.2% picric acid in 0.1M sodium phosphate buffer, pH 7.0). When Fast Blue had been applied to the hypogastric or colonic nerves, the anterior pelvic ganglia were also dissected out. The ganglia were stored in fixative overnight at 4C. The fixative was cleared from the tissue with dimethylsulphoxide (DMSO) and then phosphate buffered saline (PBS) and the ganglia were stored in PBS-azide with 30% sucrose overnight at 4C. The prevertebral ganglia were serially sectioned at 14um using a cryostat at-20C, and the sympathetic chain ganglia and the pelvic ganglia were dried onto glass slides in a vacuum chamber with P2O5 for 1-2 h (see TRUDRUNG et al., 1994) . The preparations were then coverslipped with buffered glycerol. Fast Blue labelled neurons were visualized using Zeiss filter set 02 on the fluorescence microscope. The number of labelled cells in every 5th section of the entire ganglion was counted for most procedures and used to determine the distributional trends reported in the Results section and in Figure 5 . Labelled cells were counted in whole mounts of each of the sympathetic chain ganglia and in the hypogastric nerve ganglia. The number of thoracic and lumbar chain ganglia tended to vary between individual animals, and it was often difficult to delineate individual ganglia. This meant that the precise rostrocaudal positions of a minority of labelled cells were difficult to determine. In order to illustrate the results and trends, idealized chains with 12 thoracic and 6 lumbar ganglia have been drawn in Figure 2 .
RESULTS

Injection into the superior coeliac nerve bundle
Injection of Fast Blue into the superior coeliac nerves of two guinea-pigs resulted in the retrograde labelling of numerous neurons in the lateral region of the coeliac ganglion and fewer in its medial part, the more rostral regions of the superior mesenteric ganglion, the stellate ganglion and other thoracic chain Postganglionic Nerves and Prevertebral Ganglia 407 ganglia, and lumbar chain ganglia, Ll-L3 (Fig. 2) . No neurons in the inferior mesenteric ganglia were labelled. There was no bias in the labeling of cells in the right or left lobe of the coeliac ganglion. The greatest density of labelled cells was at the bases of the superior coeliac nerves, each of which emerges anterio-laterally from either lobe of the ganglion (Fig. IA) . A moderate frequency of labelled cells extended laterally to the splanchnic nerve. Very few cells were found in the medial region of the coeliac ganglion (Fig. IA) . Labelled cells in the superior mesenteric ganglion were grouped in the rostral half. In the sympathetic chain, labelled cells were found between T1 and L3. The distribution had a peak at T9 (13% of cells), T10 (17%) and T11 (14%), and tailed off in both directions (Fig. 3A) . The right thoracic chain ganglia contained about three times as many labelled cells as the left. This injection site was the only one for which such a bias was seen, and corresponds to the bias reported by TRUDRUNG et al. (1994) when upper abdominal organs were injected with retrograde tracer.
Injection into the inferior coeliac nerves
Injection of Fast Blue into the inferior coeliac nerves of two guinea-pigs resulted in the labelling of a large proportion of neurons in the medial region of both lobes of the coeliac ganglion (Fig. 1B) . There was a marked decrease in the density of labelled neurons towards the middle of each lobe, and very few labelled neurons were found in the lateral regions. A moderate density of labelled neurons formed a band extending along the posterio-lateral edges of the ganglion. Many labelled nerve cells lay in the rostral region of the superior mesenteric ganglion (Fig. 2) . A small number of labelled neurons were found in both lobes of the inferior mesenteric ganglia. Labelled cells were found in the T7-L3 sympathetic chain ganglia. The peak distribution was found in T10 (13%), T11 (15%), T12 (20%), L1(20%) and L2 (17%) ganglia (Fig. 3B) .
Superior mesenteric nerve
Dipping the central cut end of the superior mesenteric nerve into tracer resulted in the labelling of nerve cells in the coeliac, superior mesenteric and inferior mesenteric ganglia, and in sympathetic chain ganglia T7-L5 (Fig. 2) . Within the coeliac ganglion, labelled cells were most numerous in a band that ran along the caudal edge of the ganglion, and extended from the left to right splanchnic nerves. A moderate to low frequency of labelled cells occurred evenly throughout the remainder of the ganglion. The majority of labelled neurons were located in the superior mesenteric ganglion and were distributed throughout the entire ganglion. A low to moderate frequency of labelled cells was found in the inferior mesenteric ganglia, and these were distributed evenly in the rostral and caudal lobes. There was an average of approximately 400 labelled cells in the sympathetic chain ganglia, from T7-L5. Chain ganglia L1 (36%) and L2 (21%) contained most of the labelled cells (Fig. 3C ).
Colonic nerves
Application of Fast Blue to the central cut end of the colonic nerves labelled neurons in the inferior and superior mesenteric, and coeliac ganglia, the hypogastric nerve ganglia and the paravertebral chain ganglia from T10-L6 (Fig. 2) . The greatest frequency of labelled cells was in the inferior mesenteric ganglia, with slightly more neurons in the posterior lobe (63% of all labelled cells). In the superior mesenteric ganglion, a moderate frequency of labelled neurons was found in the caudal pole of the ganglion, significantly fewer labelled cells were found in the rostral pole. In the coeliac ganglion a small number of cells was labelled, distributed largely in a band that ran along the caudal edge of the ganglion and fairly evenly distributed between the right (40%) and left (60%) lobes. The hypogastric nerve ganglia contained some retrogradely labelled neurons. These ganglia are close to the rostral pole of the anterior pelvic ganglia, and lie on the hypogastric nerves (Fig.  4B, C) . About 15 labelled cells were found in the hypogastric nerve ganglia. An average of about 500 labelled cells were found in the paravertebral ganglia. Most labelled cells (>70%) were in the ganglia at levels L1-L4 (Fig. 3D) .
Hypogastric nerves
Application of Fast Blue to the central and peripheral cut ends of the hypogastric nerves labelled neurons in the hypogastric nerve ganglia, the inferior mesenteric, superior mesenteric and coeliac ganglia, and the paravertebral chain ganglia at levels T12-L6 (Fig. 2) . No labelled cells appeared in the anterior pelvic ganglia. Approximately 80-100 labelled neurons were found in the hypogastric nerve ganglia, bilaterally, in each animal. A high frequency of labelled neurons was found in both lobes of the inferior mesenteric ganglia, although the majority (92%) of labelled cells were found in its caudal lobe. Neurons labelled in the superior mesenteric ganglion were concentrated in the caudal region. Labelled neurons in the coeliac ganglion were infrequent but evenly distributed between the two lobes. There was an average of 440 labelled cells in the paravertebral T12-L6 ganglia (Figs. 3E, 4A ). The distribution peaked at L2 with 35% of labelled cells, and tailed off in both directions: L1, 14%; L3, 14%; L4, 13%; L5, 9%; L6, 13%.
DISCUSSION
Transganglionic pathways of postganglionic neurons
The present study demonstrates that the three main abdominal prevertebral ganglia in the guinea-pig, the coeliac, superior and inferior mesenteric ganglia, all contain groups of postganglionic neurons that project into several major abdominal nerve trunks. The majority of neurons project to visceral targets via the emerging nerves of their own ganglion, and only a moderate proportion of nerve cells in prevertebral ganglia contributes axons to the viscerally directed nerve trunks of other ganglia (Fig. 5) DALSGAARD and ELFVIN (1982) and PARR et al. (1993) , who found cells in the superior mesenteric ganglia after applying a retrograde tracer to these nerves. In contrast, MCLACHLAN (1985) did not find any nerve cells in the superior mesenteric or coeliac ganglia.
The difference in these reports may reflect the relative infrequency of neurons whose axons traverse the inferior mesenteric ganglia, compared with axons originating from the inferior mesenteric ganglia themselves. Our study has confirmed the results of DALSGAARD and ELFVIN (1982) and PARR et al. (1993) . Furthermore, we determined the topography of the nerve cells; for example, in each of the ganglia supplying axons to the hypogastric nerves, the cells were preferentially in the caudal parts (Fig. 2) .
Transganglionic pathways from paravertebral ganglia via prevertebral ganglia have been previously reported in several studies of individual nerves (LUNDBERG et al., 1978; ELFVIN and LINDH, 1982; BARON et al., 1985; HUDSON and CUMMINGS, 1985; HILL et al., 1987; HUDSON, 1989; BARON and JANIG, 1991; CHEVANDRA and WEAVER, 1992) . Our study shows that these observations apply to all the major nerve trunks that emerge from prevertebral ganglia and that the groupings of paravertebral neurons proceeds rostrocaudally in alignment with the rostrocaudal order of the nerve trunks and the organs that they innervate.
Topographies within prevertebral ganglia
The present work has revealed a striking topographic organization of nerve cells in prevertebral ganglia that relates to the nerve trunks in which their axons emerge. For example, in the coeliac ganglion there is a clustering of the postganglionic neurons that project into the superior and inferior coeliac nerves at the lateral and medial poles, respectively (Fig. 1) . The majority of cells contributing to these nerve trunks are located in the coeliac ganglion, but those in the superior mesenteric ganglion are also topographically arranged, being predominantly in its rostral half. Postganglionic neurons that contribute to the superior mesenteric nerve and colonic nerves were preferentially located in the superior mesenteric and inferior mesenteric ganglia, respectively; however, they were evenly distributed throughout their respective ganglia. Coeliac neurons that contributed to the superior mesenteric or colonic nerves were located in its caudal part, and superior mesenteric ganglion cells that contributed to the colonic nerves were also located in the caudal pole.
The study by TRUDRUNG et al. (1994) suggests that the intraganglionic organization is target organ related. For example, injection of tracer into the stomach wall labels cells in the lateral poles of the coeliac ganglion, and a very few cells in the medial pole. In the present work, we labelled many more cells by injecting the whole nerve with tracer and probably labelled neurons that project to both the stomach and other target tissues. The superior coeliac nerves innervate the upper gastrointestinal tract, including the stomach (KREULEN et al., 1983; ELFVIN and LINDH, 1982; LINDH et al., 1986; HUDSON, 1989 ) and the spleen (JOBLING et al., 1993) .
The intraganglionic organization of cells labelled from the main nerve trunks correlates with the neurochemistry of the coeliac ganglion. Prevertebral ganglia contain three major groups of nerve cells: noradrenergic neurons that also contain NPY (NA/ NPY), those with somatostatin (NA/SOM), and those with neither peptide. In the coeliac ganglion, the NA/ NPY cells are preferentially located laterally, and project into the superior coeliac nerves, while the NA/SOM cells are preferentially located medially, and project into the inferior coeliac nerves (LINDH et al., 1986; MACRAE et al., 1986) . It has been suggested showing the relative numbers of labelled neurons in the three prevertebral ganglia from each of the nerve trunks. scn Superior coeliac nerves, icn inferior coeliac nerves, smn superior mesenteric nerves, cn colonic nerves, hgn hypogastric nerves. The majority of cells in the coeliac ganglion project into the coeliac nerves, the majority of superior mesenteric ganglion cells project into the inferior coeliac and superior mesenteric nerves, and the majority of inferior mesenteric cells project into the colonic nerves.
coeliac ganglion superior mesenteric ganglion inferior mesenteric ganglia that this represents a selective positioning by function, the NA/NPY neurons being involved in vascular control, and the NA/SOM neurons in control of water and electrolyte movement in the small intestine (COSTA and FURNESS, 1984) . It is probable, however, that the chemical topography is secondary to the organotopic organization. The proximal colon, which has a substantial role in fluid resorption, is supplied by the medial noradrenergic somatostatincontaining neurons (TRUDRUNG et al., 1994) .
In summary, the abdominal prevertebral ganglia demonstrate topographical characteristics which have been described in other sympathetic ganglia. The rostro-caudal location of the ganglion indicates the general region of the visceral organs that are innervated, e.g. rostral structures are innervated by rostral ganglia. There is a reasonable degree of intraganglionic organization, related to the nerve trunk into which the cell's axon projects. Thus, postganglionic neurons tend to cluster in the region of the emerging nerve into which they project. There is a moderate population of prevertebral neurons which project their axon through other ganglia before entering a nerve trunk.
